ABSTRACT
Introduction
Pulmonary subsolid nodules represent a spectrum of adenocarcinomas, including precursors. 1 In particular, part-solid nodules (PSNs), which have both a groundglass component and solid portions, have been reported to have a high probability of being invasive adenocarcinomas. 2 Past studies have revealed that the solid portions of PSNs on computed tomography (CT) imaging corresponded well to the pathologic invasive *Corresponding author.
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components. [3] [4] [5] Recently, the prognostic implication of the solid portions has been investigated, 6, 7 and consequentially, this led to the revision of the seventh edition of T categorization. 8 The current clinical T categorization of the subsolid nodules is based solely on the measurement of solid portions on CT scans. 9 However, there is an unresolved issue regarding the clinical T categorization of PSNs. PSNs with multifocal solid portions are occasionally encountered in clinical practice. Nevertheless, how to measure and consider the multiplicity of the solid portions is still uncertain. As for the histopathology, Kadota et al. 10 measured all invasive components and calculated their sum as a percentage of the overall tumor size. That is, the percentage of invasive components was multiplied by the total nodule diameter. 10 This approach has some advantage for pathological examination, as the semiquantitative assessment of the histologic patterns in 5% increments has been a familiar and recommended method for pathologists. 11 However, such a reporting system has not been introduced or tested in the field of radiology. The current consensus on the measurement of PSNs is that the longest diameter of the solid component and both the long and short dimensions of the total tumor should be recorded, although only the longest dimension is still recommended for staging purposes. 9, 12 In this context, one possible option for radiologic measurement is reporting the multiplicity of the solid portions in PSNs with or without the diameter of each solid portion. A concern regarding this method is that the prognostic implication of this potentially timeconsuming process has not yet been evaluated and, presumably, this approach would be highly vulnerable to measurement variability.
Therefore, in this study, we aimed to analyze the prognostic implication of the multiplicity of the solid portions in PSNs on CT scans and summation values of the solid portion measurements. We also compared the prognostic performance of various solid portion measures, including the single largest solid portion, sum of the solid portions, single solid proportion, and sum of the solid proportions.
Materials and Methods
This retrospective analysis was approved by the institutional review board of Seoul National University Hospital; the requirement of written informed consent was waived.
Study Population
Patients who had stage IA lung adenocarcinomas alleged to be PSNs and had undergone surgical resections between January 2008 and August 2015 at our hospital were retrospectively identified from the subsolid nodule database. Among 541 patients with stage IA adenocarcinomas, 101 patients who had sublobar resections (wedge resection or segmentectomy) were excluded to minimize confounders in assessing patients' prognosis (tumor recurrence). Patients with lymph node or distant metastasis (n ¼ 21), synchronous lung cancers (n ¼ 20), and lack of thin-section preoperative chest CT scans (n ¼ 11) were also excluded. Thereafter, 43 patients whose lung cancers were regarded as either pure ground-glass or solid were excluded after a careful review of CT scans of the entire study population by a board-certified thoracic radiologist with 7 years of experience in CT imaging research (H. K.). Consequently, 345 patients were included in the present study (Fig. 1 ). There were 138 men and 207 women (median age 61 years). Detailed patient and nodule characteristics are described in Table 1 .
Data Collection
Clinicopathologic information, including sex, age, date of surgery, nodule location (upper lobe or other lobes), and pathologic diagnosis were obtained from the electronic medical records. For the size measures, all included nodules were reviewed by the board-certified radiologist (H. K.), who was blinded to the pathologic diagnosis. Total tumor size and solid portion size were measured as the longest diameter on the lung window setting (window width 1500 Hounsfield units [HU] ; level -700 HU) by using the electronic caliper of the picture archiving and communication system. The multiplicity of the solid portion (single or multiple) was determined on the basis of serial review of axial CT slices. Multiple solid portion was defined as the presence of two or more separate (i.e., noncontinuous) solid portions in a nodule (Fig. 2) . The longest diameters of each of up to three solid portions were also measured. Then, the sums of up to two and up to three solid portions were calculated. The solid proportion, which was defined as the size of the solid portion divided by the total tumor size, and the sums of up to two and up to three solid proportions were estimated as well. It should be noted that the total tumor size, which was the denominator for the calculation of solid proportion, was a single parameter for each nodule and was not the diameter of each tumor slice containing the solid portion.
Clinical T category was established on the basis of the eighth TNM staging of lung cancer. 9 Three clinical T categories (cT1mi/cT1a, cT1b, and cT1c) were determined according to the single largest solid portion, sum of up to two the solid portions, and sum of up to three solid portions. Next, three risk groups, which were equivalent to the three clinical T categories, were decided according to the quartiles of the solid proportion. That is, nodules were trichotomized according to the cutoffs of the 25th and 75th percentiles of the solid proportion and its sum (up to two and up to three, respectively). The quartiles of the single solid proportion were different from those of the summated solid proportions. Thus, different cutoff pointsspecifically, 0.3 and 0.7 for the single solid proportion and 0.4 and 0.7 for the summated solid proportionswere used. This approach was adopted to assess the usefulness of the solid proportion and its summated values as potential staging variables.
Disease-free survival (DFS) was measured from the date of surgery until the date of pathologically or radiologically diagnosed recurrent lung cancer. The times of censoring were determined as the date of the last imaging study (chest CT scan or radiograph). Japan]). Our hospital is a tertiary referral center, and it operates multiple CT scanners from various vendors. Thus, heterogeneity in imaging acquisition was inevitable during the retrospective data collection. All patients underwent CT scans from the lung apex to base at suspended maximum inspiration. Scans were performed at 120 kilovolts peak and within the range of approximately 20 to 200 mA, with or without automatic exposure control of each vendor. It is noteworthy that all CT scans were reconstructed with a slice thickness/interval of 1.5 mm or less. Lung kernel or sharp kernel was used for the reconstruction. 
CT Acquisition
Study participants (n=345) -cT1mi (n=90) -cT1a (n=113) -cT1b (n=117) -cT1c (n=25)
Measurement Variability Analysis
To assess intrareader variability in determining the multiplicity of the solid portions in PSNs and measuring the length of each solid portion, 100 cases were selected randomly and analyzed by the same reader once again. Image review sessions were separated by an interval of 4 weeks to minimize recall bias. A second reader (E. J. H.), who had 6 years of experience in CT imaging research, independently reviewed the same 100 cases to investigate interreader variability.
Pathologic Diagnosis
Most pathologic diagnoses (242 of 345) were determined by the attending pathologists of our hospital according to the 2011 lung adenocarcinoma classification described by the International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society. 11 In 30% of the patients (103 of 345), pathologic diagnoses were established before implementation of the 2011 adenocarcinoma classification. For those patients, bronchioloalveolar carcinomas were regarded as adenocarcinomas in situ. It is possible that some minimally invasive adenocarcinomas might have been misclassified as invasive adenocarcinomas in this study. However, the pathologic diagnoses were not used as an outcome variable in the study and were described only to provide basic characteristics of our study population. Thus, the study results were unaffected by the pathologic diagnosis.
In our institution, 10% buffered formalin was infused to inflate and fix all surgical specimens containing subsolid nodules by the transpleural and transbronchial approach to precisely measure the invasive adenocarcinoma component. 4 In our study, the multiplicity of the pathologic invasive component was not analyzed.
Statistical Analysis
To assess the effect of variables on DFS, univariable Cox regression analysis was initially performed. Sex, age, nodule location, multiplicity of the solid portion, and conventional cT category were used as input variables. Then, multivariable Cox analysis was conducted with two variables, multiplicity of the solid portion and conventional cT, by using the enter method to obtain adjusted hazard ratios (HRs) of the variables.
After identification of cT category as the sole risk factor for tumor recurrence (see Results), univariable Cox regression analysis was iterated by using cT category (or risk groups) modified according to the various solid portion measures already described. Concordance index (C-index) was also calculated for each solid portion measure and compared between cT based on the single largest solid portion and other modified cT categories or risk groups by using Student's t test (with the R software package survcomp). In addition, the sample size required to reach statistical significance (p < 0.05) was calculated for the comparisons of C-indices. Variability in determining the multiplicity of the solid portions was evaluated by using Cohen's k statistics and percentage agreement. All k coefficients from 0.0 to 0.2 were regarded as slight, those from 0.2 to 0.4 were regarded as indicating fair agreement, those from 0.4 to 0.7 were regarded as indicating moderate agreement, those from 0.7 to 0.9 were regarded as indicating substantial agreement, and those from 0.9 to 1.0 were regarded as indicating almost perfect agreement. 13 Variation of the solid portion measures was assessed by using intraclass correlation coefficient (ICC) and Bland-Altman analysis. ICC was interpreted as poor (<0.4), fair (0.4-0.75), or excellent (>0.75).
14 A BlandAltman analysis was performed to provide further information about the variability of data with the magnitude of measurements. 15 For the interreader variability analysis, the second reader's measurements were compared with the first reader's initial measurements.
All statistical analyses were performed by using the commercial software program SPSS 23.0 (IBM, Armonk, NY) and R software, (version 3.4.3, http://www.Rproject.org). All p values less than 0.05 were considered to indicate statistical significance. For the multiple comparisons of C-indices, p values were adjusted by using the Benjamini-Hochberg procedure. Table 2 .
Univariable Cox Regression Analysis for DFS in PSNs
Univariable Cox regression analysis revealed that sex (p ¼ 0.668), age (p ¼ 0.066), and nodule location (p ¼ 0.854) were not significantly associated with DFS. The multiplicity of the solid portion was not a significant factor either (p ¼ 0.830). Clinical T category according to the single largest solid portion was a significant risk factor for recurrence. The HR of cT1b over cT1a was 3.671 (95% confidence interval [CI]: 1.105-12.193, p ¼ 0.034) and the HR of cT1c over cT1a was 12.668 (95% CI: 3.574-44.902, p < 0.001). Multivariable analysis with inputs of solid portion multiplicity and cT category demonstrated that cT category was the only independent risk factor for tumor recurrence. The adjusted HR of cT1b over cT1a was 3.794 (95% CI: 1.135-12.677, p ¼ 0.030) and that of cT1c over cT1a was 13.674 (95% CI: 3.735-50.063, p < 0.001).
Univariable Cox regression with the clinical T categories or risk groups stratified by using various measures of the solid portion exhibited that the risk groups based on the quartiles of the solid proportion were not significantly associated with DFS (p > 0.05) ( Table 3 ). The Kaplan-Meier survival curve of each risk group based on the solid portion measures is visualized in Figure 3 .
Comparison of the Prognostic Performance of the Solid Portion Measures
The C-index of the single solid portion (conventional clinical T category) was 0.817 (95% CI: 0.691-0.942). There were no significant differences between the C-indices of the single solid portion and other solid portion measures (Supplementary Fig. 1 ). The detailed results were as follows: sum of up to two solid portions 
Variability of the Solid Portion Measurements
The results for intrareader and interreader agree- agreement and from 0.721 to 0.907 (fair-to-excellent) for interreader agreement. Detailed results of the ICCs and the Bland-Altman analysis are described in Supplementary Tables 1 and 2 .
Discussion
In this study, we have demonstrated that the clinical T categorization based on the single largest solid portion, which equals the current T coding system, was sufficient for the prognostication of lung adenocarcinomas appearing as PSNs. The multiplicity of the solid portion was not a significant risk factor for tumor recurrence. Therefore, given the substantial intrareader and interreader variability in determining the multiplicity and measuring the solid portions, the current T coding system based on the single solid portion, as it stands, is suggested.
There have been several debatable issues regarding the measurement of solid portions in PSNs until recently. Optimal CT window setting (mediastinal or lung window), reporting of the longest or average diameter, and handling of the multiplicity were the concerns. For the CT window setting, the mediastinal window was initially recommended by the Fleischner Society. 1 However, underestimation of the solid portion at the mediastinal window was suggested, 4, 16 and thus, the revised guideline published in 2017 recommended use of the lung window with a high-spatial-frequency algorithm. 12 The eighth TNM staging system stayed in line with that guideline. 9 A remaining problem for the lung windowbased evaluation is the low interreader agreement on the classification of nodule types (pure, part-solid, or solid). 17, 18 For the dimensional measurement, the current consensus is measuring and reporting the longest diameter of the solid portion, 12 which has been changed from measuring both the long and short axis diameters. 1 Lastly, the solid portion multiplicity on CT scans has not been investigated to date, and there is no supporting evidence for the conventional practice of using the single largest solid portion measurement. The eighth TNM staging system of lung cancer also stated that measuring the long axis of the largest solid component is recommended pending further research. Considering that the interreader measurement variability of the solid portion has been reported to be plus or minus 61% on the lung window, 19 so simple an approach was deemed practical. Substantial intrareader and interreader variability in determining the multiplicity and size of the solid portion was also demonstrated in this study (see Supplementary  Tables) . The percentage of interreader agreement in determining the multiplicity of the solid portion was only 65% (k ¼ 0.308). That is, measuring multiple solid portions in PSNs is prone to reader variability and the resultant sum of the solid portions can be inaccurate in more than one-third of PSNs. Theoretically, measurement variability increases the overlap between the low-and high-risk groups and thus may reduce the prognostic performance of the staging system. We assume that our study has corroborated evidence for the current practice guidelines. 9, 12 Multiplicity of the solid portion in PSNs had no significant prognostic value and risk stratification of PSNs based on the sum of multiple solid portions or solid proportions was not superior to the conventional clinical T categorization based on the single largest solid portion. Therefore, measuring and recording multiple solid portions in PSNs, which is an obviously time-consuming task, is unnecessary for the clinical practice.
Notably, a single solid proportion or sum of the solid proportions was not significantly associated with DFS in our study. In fact, the solid proportion has been demonstrated as a surrogate for the invasive component 3 or used as an independent predictor for the diagnostic modeling of invasive adenocarcinomas. 20, 21 In addition, the consolidation-to-tumor ratio, which is similar to the solid proportion, has been advocated by thoracic surgeons for risk stratification of pulmonary adenocarcinomas. [22] [23] [24] [25] Several factors might have caused the discrepancy. First, there was the small number of recurred cases in our study population, as we included only stage IA adenocarcinomas manifesting as PSNs. Second, risk groups were divided on the basis of quartiles (25th and 75th percentiles) of the solid proportion. As we intended to evaluate the solid portion measures as potential staging variables, all continuous variables were categorized before the statistical analysis. Arbitrary cutoff points and information loss in variable transformation might have contributed to the statistical insignificance. 26 The prognostic performance (C-indices) of the solid portion measures in predicting DFS ranged from 0.678 to 0.817. The highest prognostic value was observed for the conventional clinical T categorization based on the single largest solid portion, and thus we validated the view that the current clinical T categorization is a good prognostic determinant in lung adenocarcinomas. There was substantial overlap among the 95% CIs of C-indices, which is partly attributable to the small sample size. This resulted in the lack of any statistical significance for the multiple comparisons of C-indices.
A potential alternative to be considered in measuring the solid portion is a volumetric approach, which segments the volume of each solid portion in PSNs semiautomatically. Semiautomatic segmentation has been reported as being a more accurate and reproducible tool than manual measurement, 27 although there are only a limited number of reports on the segmentation of internal solid portions of PSNs. 28, 29 A recent study from Japan showed that the three-dimensional solid portion volume, which was defined as pixels of attenuation greater than 0 HU, predicted the postoperative DFS more accurately than did the axial unidimensional measurement. 30 The volumetric approach is potentially promising, as it can integrate the total solid portion profile within a nodule, whether it is single or multiple, more reproducibly in terms of (axial or off-axial) size, volume, or mass. At the same time however, volumetric analysis has drawbacks. The accuracy of volumetric measurement is largely dependent on the segmentation algorithms (or software), CT acquisition protocols, and nodule characteristics (e.g., density or location). Thus, it is far too early to incorporate volumetric parameters as staging variables at the present time.
There were limitations to this study. First, sample size estimation was not conducted before the inclusion of patients, and a small number of recurred cases were investigated in this study. However, we retrospectively collected a large number of resected PSNs, and the small number of recurrences was inevitable given the fact that early-stage lung adenocarcinomas should have excellent prognosis when excised completely. In addition, we calculated the sample size required to reach statistical significance for the comparisons of C-indices. Importantly, C-index of the single solid portion was higher than other solid portion measures. That is, the superiority of the single solid portion size measurement could be demonstrated with the required sample size. The conclusion of our study that the single solid portion size measurement is preferred over other solid portion measures is not affected by the sample size estimation. Second, the pathologic invasive component was not analyzed. In contrast to the solid portion measurement on CT scans, the multiplicity or summated size of the invasive component may have a prognostic implication for patients. However, measurement of multiple invasive components was not performed in our study, as the data could not be obtained from the electronic medical records. The standard practice in our hospital does not include recording of multiple invasive foci. We assume that a comprehensive analysis of the measurement of multiple invasive components as well as multiple solid portions on CT scans is necessary. Third, overall survival was not evaluated owing to a lack of longterm survival data. A large prospective cohort is thus required to validate our findings. Lastly, a more reproducible tool for the determination and measurement of the multiple solid components may yield different outcome. Thus, our study results are applicable only to the current practice (staging system), which adopts manual diameter measurement as the standard methodology.
In conclusion, clinical T categorization of PSNs based on the single solid portion measurement is appropriate and is a good prognostic factor for DFS. Further evaluation for the implication of multiple solid portions in PSNs in larger cohorts is needed.
